The effects of heat and NaCl on the activity of superoxide dismutase from Staphylococcus aureus were examined. A linear decrease in superoxide dismutase activity occurred when S. aureus MF-31 cells were thermally stressed for 90 min at 52°C in 100 mM potassium phosphate buffer (pH 7.2). After 20 min of heating, only 5% of the superoxide dismutase activity was lost. Heating for 60, 90, and 120 min resulted in decreases of approximately 10, 22, and 68%, respectively. The rates of thermal inactivation of superoxide dismutase from S. aureus strains 196E and 210 were similar and slightly greater than those of strains MF-31, S-6, and 181. The addition of NaCl before or after heating resulted in increased losses of superoxide dismutase activity.
The effects of heat and NaCl on the activity of superoxide dismutase from Staphylococcus aureus were examined. A linear decrease in superoxide dismutase activity occurred when S. aureus MF-31 cells were thermally stressed for 90 min at 52°C in 100 mM potassium phosphate buffer (pH 7.2). After 20 min of heating, only 5% of the superoxide dismutase activity was lost. Heating for 60, 90, and 120 min resulted in decreases of approximately 10, 22 , and 68%, respectively. The rates of thermal inactivation of superoxide dismutase from S. aureus strains 196E and 210 were similar and slightly greater than those of strains MF-31, S-6, and 181. The addition of NaCl before or after heating resulted in increased losses of superoxide dismutase activity.
Microorganisms may be subjected to a variety of physical and chemical stresses which may result in sublethal damage to the cell. These stresses include heating (10, 25) , freezing and freeze-drying (17, 23) , ionizing radiation (5, 8) , dehydration or storage at reduced water activity (9, 24) , acidification (16, 21) , and disinfectants (22) . The stressed cells often have an increased sensitivity to selective agents and consequently may not be enumerated on standard selective media.
Martin et al. (13) observed that the addition of catalase (EC 1.11.1.6) to high-NaCl-containing selective media, such as tryptic soy agar (TSA) plus 7% NaCl (TSAS), increased the enumeration of thermally stressed cells of Staphylococcus aureus up to 15,000-fold. The synergistic effects of heat, NaCl, and H202 on the decreased enumeration of thermally stressed cells of S. aureus have been further examined (1) (2) (3) (4) 6 ). It appears that the combined effects of heat and NaCl result in the decreased activity of catalase, the enzyme responsible for the degradation of hydrogen peroxide (H202) in S. aureus. The decreased activity of this enzyme probably results in the accumulation of H202, which leads to the death of the cell.
Superoxide dismutase (SOD; EC 1.16. this study was to determine the effect of thermal stress on the SOD activity of S. aureus. The effects of heat, constituents of the heating menstruum, and NaCl on the activity of SOD were examined.
MATERIALS AND METHODS
Growth and stress conditions. Test organisms employed were S. aureus strains MF-31, 196E, 210, 181, and S-6, which were obtained from the departmental stock culture collection. Cultivation and stress conditions were similar to those described by Iandolo and Ordal (10) 20 min of heating, the SOD activity of the supernatant rapidly increased, reaching a maximum activity (0.87 U of SOD/ml) after 40 min of heating (data not shown). Since bacterial SOD have relatively large molecular weight (greater than 38,000), it appears unlikely that the SOD activity in the supernatant was due to leakage of SOD from the cell. This increased SOD activity probably resulted from cell lysis, as supported by the observation that after 40 min of heating, greater than 90% of the cells were unable to form colonies on TSA.
The thermal inactivation of SOD from additional strains of S. aureus also was examined (Fig. 2) . Although the initial SOD levels differed among strains, the rates of thermal inactivation of SOD from strains 196E and 210 were statistically similar (P < 0.1) and slightly greater than for strains MF-31, S-6, and 181. Effects of heating at 52°C on the SOD activity of S. aureus MF-31. A log-phase culture suspended in 100 mM PPB (pH 7.2) was heated at 52°C. Samples were taken at various time intervals and plated on TSA and TSAS. Additional samples were withdrawn to determine the SOD activity. The cells were pelleted and lysed as described in the text. SOD activity was determined as units of SOD per milligram ofprotein and calculated to give percent activity. The SOD activity at 0 min ofheating was defined as 100% activity. CFU, Colony-forming units. Symbols: 0, log number of CFU per milliliter on TSA; A, log number of CFU per milliliter on TSAS; *, percent SOD activity.
SOD heat inactivation curve. The thermal inactivation of SOD from S. aureus MF-31 at 52°C is presented in Fig. 1 . Crude cell lysates and whole cell lysates of S. aureus, as well as bovine erythrocyte SOD suspended in 100 mM PPB, were heated for 10 min at various temperatures (Fig. 3) . The SOD activity remained constant from 30°C to 48°C for cell lysates; 50°C for whole cells; and 65°C for bovine erythrocyte SOD, after which a rapid decrease in SOD activity occurred for all samples. Background levels of 8 to 15% were found in these studies, similar to the results observed with samples boiled for 15 min. The temperature at which 50% of the original SOD activity was inactivated (50% inactivation temperature) occurred at 52°C for cell APPL. ENVIRON. MICROBIOL. Effect of heating at 520C on the SOD activity of various strains of S. aureus. Stationary-phase cultures suspended in 100 mM PPB (pH 7.2) were heated at 52°C. Samples were withdrawn at various intervals to deter7nine the SOD activity. The cells were pelleted as described in the text. SOD activity was determined as units ofSOD per milligram ofprotein and calculated to give percent activity. The SOD activity ofS. aureus MF-31 at 0 min of heating was defined as 100% activity. Symbols: O, S. aureus 196E; *, S. aureus 210; 0, S. aureus MF-31; *, S. aureus S-6; O, S. aureus 181.
lysates, 58°C for whole cells, and 77°C for bovine erythrocyte SOD. The point at which the SOD activity leveled off and remained constant was used to calculate the 50% inactivation temperature for a particular sample Heat, NaCl, and SOD inactivation. The effects of various concentrations of NaCl added to the heating menstruum and present in the assay mixture on the SOD activity of thermally stressed cells of S. aureus MF-31 were examined (Fig. 4) (11) and Vance et al. (26) used a heat treatment PPB (pH 7.2) containing various NaCl concentraof 60°C for 3 min in the isolation of SOD iso-tions were heated at 52°C. Samples were withdrawn zymes from Escherichia coli and Streptococcus at various time intervals to determine SOD activity. mutans, respectively. Although various strains The heated cells were pelleted and lysed as described of S. aureus differed in their initial SOD activi-in the text. The appropriate concentration of NaCl ties, the rate of thermal inactivation of SOD was also added to the control sample. SOD activity from strains 196E and 210 were similar and was determined as units of SOD per milligram of slightly greater than those of strains MF-31 S-protein and calculated to give percent activity. The slil gSOD activity of the sample suspended in 100 mM 6, and 181. PPB (pH 7.2) at 0 min of heating was defined as As an additional measure of the thermal sta-100%. Symbols: 0, 0% NaCl; 0, 2.5% NaCl; 0, 5.0%o bility of SOD, thermal inactivation curves were NaCl; 5, 7.5% NaCl; A, 10.0%o NaCl. The activation and inactivation of several enzymes have been observed with several monovalent and divalent ions (18) . An increased ionic strength within the cell compared with the heating menstruum may have protected the SOD enzymes, but this appeared unlikely since a statistically significant (P < 0.1) increase in activity was not observed whether the cell lysates were heated in distilled water or in up to 250 mM potassium phosphate buffer, pH 7.2 (data not presented). However, a slight protective effect was observed when cells of S. aureus were thermally stressed in elevated potassium phosphate concentrations in the presence of NaCl (data not shown). Andrews and Martin (1) observed a similar effect with catalase.
Exposure of thermally stressed cells of S. aureus to NaCl, present in many staphylococcal selective media, resulted in the decreased enumeration of these cells. A synergistic effect between heat and NaCl on the inactivation of catalase has been observed (1, 6, 13) . To determine whether a similar effect occurred with SOD, cells were thermally stressed in the presence of up to 10% NaCl. SOD activity was then assayed in the presence of the corresponding level of NaCl. The addition of NaCl to the heating menstruum resulted in increased loss of SOD activity which was proportional to the amount of NaCl added. The inactivation rates of SOD were similar, whether heated in the presence of 0 or of up to 10% NaCl. Similai results were obtained when NaCl was added after thermal stress (data not presented). The staphylococcal SOD activity was decreased by approximately 27% after 30 min of exposure to 7.5% NaCl, the concentration present in TSAS. The ionic strength of the suspending medium has been shown to affect the activity of SOD. Rigo et al. (20) found that the activity of bovine erythrocyte SOD decreased when the ionic strength of the suspending medium was increased by raising the concentration of various sodium salts, including NaCl. Rigo et al. (19) later determined that the monovalent chlorine ion was a competitive inhibitor of bovine erythrocyte SOD.
In conclusion, as found with catalase, a small loss in SOD activity was observed in cells of S. aureus thermally stressed for 20 min. Exposure of thermally stressed or nonstressed cells to NaCl before or after heating resulted in an increased loss in SOD activity. The combined decreases of SOD and catalase activities resulting from heat and NaCl may be one of the factors involved in the decreased enumeration of thermally stressed cells on high-salt-containing media.
